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Abstract 
Background: Evolving research in the psychiatric literature has suggested that the auditory 
cortex region is smaller in people with schizophrenia who experience auditory hallucinations 
than in normal control individuals. These findings are not without controversy. While there has 
been significant research considering volumetric variance in pathologic brains with AH, there is 
a paucity of data considering the influence of morphology and surface area of primary auditory 
structures. 
Purpose: The purpose of this set of studies was to evaluate and compare the following 
variables in schizophrenic and control brains, both between groups and between hemispheres 
within groups: surface area of Heschl’s gyrus (HG) and planum temporale (PT), length of the 
Sylvian fissure (SF), length of the posterior extending ramus of the SF, and the morphological 
variants of HG, PT, and the posterior ramus. Evidence of morphologic variance or surface area 
differences in populations that are prone to experiencing auditory hallucinations may provide 
new or additional insight into the role of these neuroanatomical structures in central auditory 
processing during auditory hallucinations.  
Hypothesis: Based on the previous literature we had several hypotheses: (1) in separate 
structure analyses with regards to surface area, there will be reduced asymmetry for primary 
auditory structures (HG & PT) in schizophrenic brains with hallucinations compared to controls; 
(2) there will be reduced typical asymmetry in Sylvian fissure (SF) length for schizophrenic 
brains with hallucinations compared to controls; and (3) there will be consistent patterns of 
morphologic differences in at least one category of Heschl’s gyrus, planum temporale, or 
posterior ramus variants between schizophrenic brains with hallucinations and control brains. 
Methods: Imaging analysis was conducted using BrainVISA Anatomist software and MRIcron 
software to assess 51 control brains (102 hemispheres) from the Open Access Series of 
Imaging Studies (OASIS) repository and 51 schizophrenic brains (102 hemispheres) obtained 
from the NUSDAST (Northwestern University Schizophrenia Data and Software Tools) 
database. These neuroimaging softwares were used to quantify surface area of HG and PT, 
morphology of HG and PT, length of SF, and angle of the posterior extending ramus of SF. 
Results: This study found a lack of typical asymmetry between right and left HG in 
schizophrenic brains, and a significantly larger HG in the right hemisphere of controls compared 
to schizophrenics. There was also reduced asymmetry of the SF length in schizophrenics 
compared to controls. No significant findings were established for either PT surface area or 
morphological classifications of HG, PT, or posterior ramus.   
 
Key Words: Auditory Hallucinations, auditory cortex, anatomy, Heschl’s gyrus, planum 
temporale, superior temporal gyrus, Sylvian fissure, posterior ramus, ascending ramus, 
schizophrenia 
 
Abbreviations: Auditory Hallucinations (AH), central auditory nervous system (CANS), Heschl’s 
gyrus (HG), planum temporale (PT), planum polare (PP), primary auditory cortex (A1), Sylvian 
fissure (SF), schizophrenia (SZ), superior temporal plane (STP), supramarginal gyrus (SMG), 
region of interest (ROI) 
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Introduction & Background 

Auditory hallucinations (AH) have become a new area of study within the discipline of 

audiology (see Musiek et al., 2020). Auditory hallucinations, defined as the perception of sound 

in the absence of acoustic stimuli, has traditionally been a symptom of psychosis studied by 

psychiatry (Barkhuizen et al., 2020). While hallucinations can occur within any of the five 

senses, AHs uniquely continue to be attributed to involvement of the auditory cortex (Musiek et 

al., 2020) . Auditory hallucinations, which share a definition with tinnitus, are commonly 

experienced by elderly individuals (32%, Cole et al., 2002; Tien, 1991)—especially those with 

hearing loss (HL). In fact, research has shown there is a strong correlation with experience of 

AH related to greater degree of hearing loss (reference?). While tinnitus is another phantom 

sensory perception experienced by many individuals with hearing loss, AHs are unique in that 

they are generally more complex than the tonal sounds (i.e. buzzing, ringing, etc.) used to 

describe tinnitus (Musiek et al., 2020). Auditory hallucinations are generally verbal (i.e. speech, 

voices, etc.) or musical (i.e. music, singing, etc.; 41% musical, Jain, 2013), but can manifest in 

many different forms (internal vs. external) or degrees of severity (Gaser et al., 2004; 

Panaliyappan et al., 2012; Modinos et al., 2013).  

Of note, while most audiologists will encounter a patient with AHs, the patients might be 

cautious to report these experiences as hallucinations are most commonly associated with 

psychosis. Auditory hallucination can be reported in roughly 16% of hearing impaired adults with 

increased HL severity, and  20% of hearing impaired adults will report tinnitus (Linszen et al., 

2019), which can be commonly interpreted as an auditory hallucination. Auditory hallucinations 

are experienced by many populations beyond schizophrenic populations (SzAH) and hearing 

impaired individuals (HI), including individuals with bipolar disorder (11-16%, Toh et al., 2015), 

post-traumatic stress disorder (40%, Choong et al., 2007), and psychotic depression (10%, 

Choong et al., 2007). However, the greatest prevalence of AH resides among individuals with 

schizophrenia (SZ).  
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Approximately 60-80% of individuals with SZ experience auditory hallucinations making 

this an ideal population for study (Lim et al., 2016). It is important to note that the researchers 

performing these analyses come from many different disciplines, some of whom may be trained 

in neuroanatomy, but very few who are audiologists. These researchers have used a variety of 

different methods to quantify the volume and cytoarchitecture of structures within the auditory 

cortex. A significant amount of neuroanatomical and functional imaging research of AH among 

SZ has focused on cortical volume as a mechanism underlying AH. It has been theorized that 

auditory hallucinations may be related to abnormal processing in the central auditory system, 

specifically the left auditory cortex (Musiek et al., 2020). Relatively recent literature has 

suggested that there may be size differentials between normal and schizophrenic brains with 

regard to the auditory cortex region. Compared to normal control brains, differences have been 

found in the gray matter volume of the temporal lobes and related subcortical structures in 

individuals with schizophrenia (Allen et al., 2008).  

Although the treatment of AH principally falls to psychiatry, this companion study with 

review by Madelyn Schefer, B.S., posits the need for audiologists to be involved in the diagnosis 

and study of auditory hallucinations. For the purpose of this study, we will be limiting our scope 

to the primary auditory cortex which falls immediately under the discipline of audiology. This 

study employed gross analysis of morphology and surface measurements of cortical structures 

of interest. Regions of interest included Heschl’s gyrus, planum temporale, Sylvian fissure, and 

posterior ramus of the lateral sulcus. While a number of previous researchers have taken 

measurements of these auditory structures, few have attempted to qualitatively categorize their 

morphology in order to search for potential abnormalities in schizophrenic brains compared to 

controls (Hubl et al., 2010; Takahashi et al., 2021). Due to the high variability of these key 

structures, this study attempted to investigate the effect of morphology as it relates to surface 

area in pathologic versus control brains (St. George et al., 2017). Given that this study is 

anatomically based, it was decided that an anatomical review of the key structures involved in 
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this study was critically important. Therefore the following review focuses on the anatomy 

relevant to our experimental approach. 

Anatomy & Function  

Heschl’s Gyrus 

Animal studies have made great strides to demonstrate the frequency coding of the 

auditory cortex. Primate studies have mapped tonotopicity of low to high frequency regions 

coursing from rostro-laterally to caudo-medially in iso-frequency columns with deeper neural 

layers (III & IV) being more responsive to tonal stimuli (Merzenich & Brugge, 1973; Pickles, 

1988; Atkin, 1990). Alternate explanations for tonotopic arrangements in A1 follow the core-belt 

model. In this model, the core consists of three sections (anterior, middle, and posterior); the 

posterior and anterior portions have low to high frequencies arranged latero-medially and low to 

high tones situated posterior to anteriorly in the medial aspect of the core (Hackett et al., 2001).  

 In humans, Heschl’s gyrus has been identified as the primary auditory cortex (A1); This 

area has been implicated as a major contributor for processing speech and other acoustic 

stimuli (Musiek & Baran, 2020). Speech is, of course, an overlaid cortical network that involves 

contributions from many areas of the brain, but acoustic stimuli must first be perceived by the 

A1 before it can be further categorized, processed, and distributed throughout the cortex. The 

early classical functional anatomy studies by Penfield suggested that greater cortical volume is 

necessary for finer resolution and specialization of sensorimotor systems (Penfield and Boldrey, 

1937). Therefore, it is no surprise that structures in the primary auditory cortex are larger in the 

left temporal lobe of most individuals (Geschwind & Levitsky, 1968); most normal listeners 

demonstrate an affinity for a right ear listening advantage (indicative of a dominant left 

hemispheric contralateral neural pathway) for speech stimuli (Kimura et al., 1961a, 1961b). Due 

to the fine temporal and spectral characteristics of speech, there is a need for more neural 

substrate in the auditory areas that would process these discrete acoustic changes.  
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 It has been well established that there is a left laterality bias for speech processing to 

occur in the left auditory cortex while music and pattern recognition is distributed to the right 

hemisphere auditory structures. This has been modeled after the enhanced sensitivity, of the 

left auditory cortex, to rapidly changing acoustic stimuli (speech); compared to complex spectral 

processing in the right hemisphere (Zatorre, 1988; Zatorre & Berlin, 2001; Zatorre et al., 2002; 

Johnsrude et al., 2000; Patterson et al., 2002). Part of this laterality bias is attributed to greater 

white matter tract (more fibers and increased myelination) and Heschl’s gyrus volume in the left 

temporal lobe (Penhune et al., 1996, Anderson et al., 1999). The increased presence of white 

matter in the left A1 could be indicative of why this region is specialized for processing temporal 

information; whereas the right auditory cortex has less white matter volume, but more densely 

packed and connected column structure which likely aids in discrete frequency coding (Seldon, 

1981; Anderson et al., 1999). Regardless, consistent findings have supported that the superior 

temporal processing in the left HG encourages improved speech understanding (Warrier et al., 

2009) and language learning (Wong et al., 2008).  

Planum Temporale  

Planum temporale does have some overlap with the area known as Wernick’s area 

which is thought to be an important region for speech processing. Some researchers argue that 

this overlaid anatomy might explain why planum temporale seems to be such a critical area for 

speech processing (Hickock et al., 2009). However, there is also functional imaging data 

suggesting that PT responds more robustly to nonspeech stimuli, music or tonal stimuli (Binder 

et al., 1996); Hickok et al., 2003), as well as spatially dispersed sounds (Zatorre et al., 2002), 

spatially altered or moving sounds (Warren et al., 2002), visual speech (Calbert et al., 1997; 

Okada & Hickok, 2009), and auditory-motor integration (Buchsbaum et al., 2001; Wise et al., 

2001; Hickok et al., 2003; Overath et al., 2007; Hickok et al., 2009). All of this evidence 

indicates that PT is a heterogeneous structure, with many different functions involved in 

processing sensory information.  
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Alternatively, PT might act as a homologous processing center for acoustic stimuli to be 

coded, based on the spectral patterns (speech or otherwise), and then relayed to the proper 

respective pathway (Griffiths & Warren, 2002). It is possible that the Tpt, posterior region of PT 

that extends beyond PT, is involved in the computation of these spatial characteristics of 

listening (Price, 2010). Conversely, there is a possibility that PT is not simply a processing and 

distribution center, but that the heterogeneity of function could be caused by a convergence of 

subfields from different modalities (i.e. spatial, vision, sensory-motor, etc) interacting 

harmoniously in the region of and surrounding PT (Galburda & Sanides, 1978).  

Regardless, researchers generally agree that PT is involved in aspects of processing 

spatial acoustic stimuli with regard to stream segregation; meaning, PT has been shown to 

strongly respond to both moving sound sources (Warren et al., 2002) and varied fixed sounds 

(Warren & Griffiths, 2003). There tends to be a greater affinity for PT activity in response to 

spatial changes in sound rather than spectral changes (i.e. pitch and frequency) which evoke 

greater activation by HG and anterior auditory structures (Warren & Griffiths, 2003; Barrett & 

Hall, 2006; Altmann et al., 2007). While some researchers believe this is evidence of anterior 

“what” and posterior “where” pathways (Warren & Griffiths, 2003; Altmann et al., 2007; 

Rauschecker & Scott, 2009), others argue that PT is greatly involved with acoustic segregation 

which might explain the greater response to spatial and complex changes. Zatorre and his 

colleagues (2002) found that PT was highly responsive to spatial stimuli when auditory 

segregation was necessary to distinguish sounds coming from one to six locations in space 

simultaneously. This evidence was further supported by a functional magnetic resonance 

imaging study (fMRI) that showed, in addition to modulated activity from spatial effects, PT was 

most responsive to a competitive situation where there are three simultaneous talkers from a 

single location compared to multiple locations (Smith et al., 2009). Albeit, we cannot conclude if 

PT does compute auditory motion specifically, from this research, we can deduce that PT 

analyzes discrete acoustic characteristics used for both spatial cues and auditory stream 
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segregation, which may have implications for other higher auditory processing abilities such as 

auditory working memory.  

Sylvian Fissure  

Typically, the Sylvian fissure is described as being relatively straight, sometimes 

containing a posterior ascending ramus and/or posterior descending ramus. Previous work from 

our lab has also reported a frequently occurring false ascending ramus (FAR) and trifurcation 

branching patterns, with a posterior ascending ramus (PAR) morphology occurring in over 80% 

of the brains observed (St. George et al., 2017). For this study, we classified the posterior rami 

into five categories, posterior ascending (occurring at 45 degrees or greater, vertical to the 

Sylvian fissure), posterior descending (same as the PAR, but in a downward deflection), straight 

posterior extension (SPE), and either a bifurcation or trifurcation with more than one branch 

occurring at the posterior recess of the Sylvian fissure.  

There are significant anatomical variations seen within the primary auditory cortex 

structures in both normal and pathologic brains. These anatomical variations depend on the 

morphology of the peri-Sylvian structures within the superior temporal plane (i.e., Heschl’s 

gyrus, planum temporale, & planum parietale) as well as the length and angle of the Sylvian 

fissure and posterior ramus. Specifically, the angle of the ramus will affect the size of planum 

temporale and subsequently planum parietale (Everett et al., 2016). Our analysis included views 

of multiple angles of the ascending rami across brains and interhemispheric comparisons. By 

taking and examining these additional measurements on the rami and Sylvian fissure, we will be 

able to identify the impact on Heschl’s gyrus, planum temporale (PT) and planum parietale (PP) 

morphology in pathologic brains compared to controls.  

 Being able to correctly identify morphological patterns in the branches of the posterior 

Sylvian fissure may lead to more accurate classifications of auditory structures in the posterior 

peri-Sylvian areas. This investigation will shed light on the differences in rami between 

pathologic and nonpathologic populations. Due to large variation in rami patterns in normal 
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brains, understanding the typical branching patterns within pathologic brains may allow for more 

accurate identification and interpretation of auditory structures during lesion and imaging studies 

of schizophrenic populations. 

Cytoarchitecture (HG & PT) 

In the early 20th century, Korbinian Brodmann, a German anatomist and neurologist 

began classifications of brain regions using Nissel cell staining techniques on post-mortem 

brains to describe distinct areas. Brodmann dissected the brains into 52 areas based on the 

histology of the tissue, primarily cytoarchitecture (cell type, size, density, layers) and neuronal 

patterns. Brodmann’s area (BA) 41 came to be known as the primary auditory cortex, which 

would later be known as Heschl’s Gyrus, along with further associated auditory cortex in BA 42 

and the posterior superior expansion of BA 22, which would come to be known as Planum 

Temporale (Brodmann, 1909). The auditory cortex has distinct cytoarchitecture characterized by 

wide radial striations of progressively larger pyramidal cells, moving posteriorly from HG to PT 

and parietal operculum, creating columns with progressively less cell density as the substrate 

transitions from layer II to III and into layer IV where the cells intermingle with granular cells and 

density continues to decrease in layer V (Galburda & Sanides, 1980; Von Economo and 

Koshinas, 1930; Witelson et al., 1995).  

Is has been documented that there are hemispheric asymmetries between the right and 

left planum temporale (Geschwind & Levitsky, 1968), but further study has suggested the larger 

left hemisphere PT may be due to the lateralization of language processing in the left 

hemisphere. However, to understand the rationale for this asymmetry, in addition to gross 

morphology we must evaluate the cytoarchitecture differences of primary auditory structures to 

understand why the gyrification and folding patterns of the Sylvian fossa differ between 

hemispheres. It is possible that the variance seen in secondary auditory structures (PT) might 

be due to asymmetries in neighboring parietal cortex and subcortex that might also be related to 

Sylvian fissure variances (Galburda, Sanides, Geschwind, 1978; LeMay and Culebras, 1972).  
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There seem to be four distinct regions of PT that can be defined by their cell layers. 

These areas include parakoniocortex fields, which are less granular than HG (A1); PaAi 

(parakoniocortex-internal) rests latero-posteriorly to HG and is considered part of the belt 

region; PaAe (parakoniocortex-external) which sits further lateral posteriorly and is associated 

with the parabelt area; PaA c/d (parakoniocortex-caudodorsal) which lies caudodorsal to HG 

and extends the parabelt region; the final area is Tpt (temporal-parietal) which unlike the other 

areas has a weaker layer IV with a much more significant layer V (Hickock et al., 2012). Some 

researchers argue that Tpt (temporal-parietal), which is comprised of the posterior portion of PT 

and extending caudal substrate, actually lacks specialty features of sensory cortex (Galburda & 

Sanides, 1980) and as such should not be considered part of the auditory cortex. This work has 

been further supported by animal studies (Sweet et al., 2005; Smiley et al., 2007), but of greater 

interest for this review is the degree of anatomical asymmetry observed in Tpt seems to be 

responsible for the reported PT asymmetry (Galburda & Sanides, 1980; Geschwind & Levitsky, 

1968). The areas surrounding PT, such as superior temporal sulcus, parietal operculum, and 

supramarginal gyrus, seem to have greater degrees of asymmetry that cause incidental 

asymmetries in PT as a result (Sweet et al., 2005; Hickok et al., 2012). The present 

investigators lack the training and equipment to properly assess cortical structure volume, which 

may be influenced by cytoarchitectural changes. Thus for the purpose of this experiment, we 

decided to evaluate surface area measurements in an effort to identify more grossly visualized 

changes that might be more approachable for the average clinician.  

Morphology of Auditory Structures  

 The primary auditory cortex (A1) lies just inferior to the Sylvian or lateral fissure (SF), of 

the temporal lobe, which runs posteriorly from the most rostral aspect of the superior temporal 

gyrus (STG) to the supramarginal gyrus (SMG). The primary auditory cortex can be visualized, if 

a sagittal cut is made along the SF, approximately two-thirds posteriorly to the most anterior 

aspect of the superior temporal plane (STP) (Whiteley, 2020). This primary cortex, which has 



 

 16 

been widely accepted to be Brodmann’s area 41, largely overlaps with HG. Functional imaging 

studies have further delineated the A1 into core, belt, and parabelt areas in an effort to 

differentiate primary and secondary cortices. This model has been used in both human and 

primate research and is inclusive of HG, PT and aspects of planum polare, which is the area 

anterior to HG (Hackett et al., 2001).  

Heschl’s Gyrus  

Heschl’s gyrus is considered a relatively small gyrus that is oriented posterio-medially 

along the STP; however, there can be several duplications of HG which are defined by a 

shallow sulcus known as Beck’s intermedius or the sulcus intermedius (Musiek & Baran, 2020). 

There have been reports of up to three HG duplications with a laterality bias for larger HG seen 

in the left temporal lobe; however, quantification and measuring techniques have shown varied 

findings (Campain & Minckler, 1976; Rubens, 1977; Musiek & Reeves, 1990; Penhune et al., 

1996). Some research has reported larger HG volume in the left hemisphere compared to the 

right for most neurotypical individuals (Rademacher et al., 2001), with the exception of 

musicians who tend to have less asymmetry and greater amounts of grey matter in general 

(Schneider et al., 2002). Heschl’s gyrus size also seems to be positively correlated with better 

speech processing abilities (Warrier et al., 2009). Cumulatively, this evidence suggests that not 

only is there a laterality effect regarding HG, but there is also a link between functional ability 

and anatomical variance.  

Planum Temporale  

Planum temporale can be found immediately posterior to HG on the STP. The anterior 

border is a sulcus dividing PT and HG, with the posterior border at the most dorsal aspect of the 

SF, just anterior to the SMG. Depending on the angle of the SF, such as in an posterior 

ascending ramus orientation, a portion of auditory cortex can be found in the caudal portion of 

the parietal lobe rather than on the STP; this region is known as planum parietal (PP) and is 

categorized as a separate structure from PT (Rubens, 1977). There is some evidence that PT 
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overlaps with Wernicke’s area to some degree, which might contribute to the thought that PT is 

involved in higher order auditory speech processing (Binder et al., 1996; Johnsrude et al., 

2002). Additional evidence for PT being responsible for receptive speech processing comes 

from the early research by Geschwind and Levitsky (1968) who demonstrated a larger PT in the 

left hemisphere for most right-handed humans. Though the asymmetry of PT has been highly 

replicable (Wada et al., 1975; Musiek & Reeves, 1990; Steinmetz et al., 1989), up until recently 

there has been a paucity of research considering the morphological differences of PT. A recent 

study that has come from the University of Arizona NeuroAudiology Lab made great strides to 

create classifications for the various shapes of PT, including: pie-shaped, trapezoid shaped, 

rectangular shaped, or amorphous without a well-defined shape (Wong & Musiek, 2020). The 

new taxonomic classifications for PT may be influenced by variations in HG or SF morphology, 

but could still have strong implications for the measurement and study of A1 surface area as it 

relates to function.  

Sylvian Fissure  

The Sylvian fissure is a deep sulcus that runs latero-medially along the surface of the 

temporal lobe starting at the anterior aspect, located just below the pars opercularis, to the 

posterior aspect which insects with the supramarginal gyrus. Early work evaluating the Sylvian 

fissure began with Eberstaller (1890) who reported the first findings of SF asymmetries 

observed in humans. He also noted the difficulty of establishing reliable anterior and posterior 

landmarks as there are frequently occurring posterior horizontal ramus (PHR), with posterior 

ascending ramus (PAR) or downward descending ramus (PDR), which occurs at the point 

where the PHR takes an abrupt turn (Rubens, 1977). In his pioneering research, Eberstaller 

(1890) used “the juncture of the anterior ascending ramus (AAR) and the PHR” to define the 

anterior point of the SF and the postcentral gyrus to demark the posterior termination point. In 

successive studies evaluating the length of SF, researchers such as Cunningham (1892) and 

others adopted Eberstaller’s measurement techniques which focused on the PHR while 
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excluding the extending branches, regardless of the direction (Rubens, 1977). Years later, 

following the revival of this area of study by Geschwind and Levitsky (1968), Rubens (1977) 

reviewed the existing literature surrounding SF and PAR measuring techniques. He proposed 

that due to the parakoniocortex (area TB) being influenced by the upward bend of this posterior 

SF aspect, it is reasonable to assume variances in PAR influencing PT anatomy will contribute 

to auditory cortex asymmetry.  

Posterior Extending Ramus 

The pivot point where PHR becomes the PAR has been regarded as the dividing line 

between the temporal and parietal lobes. Cunningham (1892) was among the first to consider 

the posterior ramus angle of the SF, he found that the slope of the right PHR was slightly 

greater compared to the left hemisphere in feti between 7-8 months gestation. Further 

evaluation of the PAR, however, did not support his prediction for greater PAR angle in the right 

hemisphere (Rubens, 1977). This lack of observed right hemisphere PAR bias may have been 

attributed to measurements being obtained only as far as the postcentral gyrus. Perhaps more 

applicable, research of adult brains has been more promising in identifying the source for this 

asymmetry. Von Economo and Horn (1930) found that PT length, possibly attributable to 

increased surface area of parakoniocortex (TB), was longer in the left hemisphere of SF. 

Further research by Shellshear (1937) found greater left hemisphere SF length when measured 

to include further sulcus length posterior to the central sulcus. This finding was confirmed by 

Connolley (1950) who urged that accurate measurements of SF length should include the 

postcentral course of the PHR, including the PAR.  

Rationale for Study  

 Auditory hallucinations are most commonly experienced by those with psychosis or 

schizophrenia. As such these symptoms are often used as diagnostic criteria for a disorder 

rather than studied as a primary interest. Because auditory hallucinations are, at least in part an 

auditory phenomenon it is important that audiologists work with researchers in neuroanatomy 
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and psychiatry. With contributing interdisciplinary perspectives, perhaps researchers can better 

understand the anatomic and functional changes that occur in populations that experience 

auditory hallucinations. While the majority of this research will have implications for 

schizophrenic and psychotic populations, there may be tangential implications for clinical 

populations treated by audiologists such as those who experience tinnitus or phantom auditory 

sensations caused by long term sensory deprivation (hearing loss).  

Previous literature looking at the effects of auditory hallucinations has largely centered 

on schizophrenic populations. Research has shown anatomical differences, such as a reduction 

in typical A1 asymmetry, in those with AH compared to neurotypical individuals (Southard, 

1915). However, there are controversial findings in the literature. Asymmetries in auditory cortex 

have been attributed to grey matter volume changes (GMV), cortical thickness, or surface area 

differences (Morch-Johnsen et al., 2016). Some research argue that the observed reduction in 

A1 asymmetry is due to left hemisphere superior temporal gyrus (STG) GMV reductions (Jakob 

et al., 1989; Barta et al., 1990; Bilder et al., 1994; Crow, 1997;  Niznikiewics et al., 2003; 

Neckelmann et al., 2006; Takahashi et al., 2009; Panaliyappan et al., 2012), while others argue 

right hemisphere STG abnormalities are the cause (DeLisi et al., 1997; Pearlson et al., 1997; 

Sommer et al., 2001, 2018; Garcia-Marti et al., 2008; Delvecchio et al., 2017). In particular, HG 

deviations have been attributed to this documented asymmetry; with some researchers 

implicating left HG reduction (Hirayasu et al., 2000; Kasai et al., 2004; Gaser et al., 2004; 

Modinos et al., 2013) and still others suggesting there are right HG volume gains (Hubl et al., 

2010). While there have been disputed findings, regarding which hemisphere is responsible for 

changes in asymmetry within SzAH, there has been evidence of greater HG duplications within 

this population (Hubl et al., 2010; Takahashi et al., 2021).  

Perhaps more reliably documented are anatomical differences in PT hemispheric 

asymmetry (Geschwind & Levitsky, 1968). Among SzAH groups, researchers argue the degree 

of reduced asymmetry depends on the severity of the symptoms (Rossi et al., 1994; petty et al., 



 

 20 

1995; Sommer et al., 2001). Regarding the cytoarchitectural changes that contribute to the 

reduced asymmetry, Hirayasu et al. (2000) and Kasai et al. (2003) posit reduced GMV in the left 

PT is responsible for symmetry observed in SzAHs. However, there is a possibility that 

reductions in PT GMV in the right hemisphere are actually attributed to greater delusions 

(Yamasaki et al., 2007). Due to the contradicting evidence from these studies there is reason to 

believe that the increased symmetry or even reversal of asymmetry (Right PT > Left PT) is 

actually a combination of GMV or surface areas changes including increased in the right PT and 

decreases in the left PT (Falkai et al., 1995; Petty et al., 1995; Hirayasu et al., 2000; Kwon et 

al., 1999; Kasai et al., 2003). Of note, there are observed morphological variances in PT with a 

lack of defined gyri duplications, but this in further complicated by the influence of the posterior 

ramus angle of the SF. When measuring surface area, is it difficult to account for the complex 

folding patterns of PT observed in SzAH (Barta et al., 1995).  

The Sylvian fissure, which defines the lateral border of the auditory cortex within the 

STG, is perhaps one of the most controversially researched auditory structures. Eberstaller 

(1884) documented a left laterality bias regarding length of SF in normal individuals. In SzAH 

populations this asymmetry has been absent (Falkai et al., 1992; Hoff et al., 1992). Some 

researchers attribute the loss of asymmetry to decrease length of left hemisphere SF (DeLisi et 

al., 1997; Shapleske et al., 2001; Falkai et al., 2002), but others argue the symmetry in SF is 

due to increased right hemisphere length (Crow et al., 1992, 1994, 1997; Bilder et al., 1997; 

Sommer et al., 2001). There is also potential that the increased asymmetry is attributable to sex 

difference as females have shown less SF asymmetry among first episode SzAH (Hoff et al., 

1992). What ultimately can be agreed upon is that PT intersects with the most posterior aspect 

of the SF, as a results, variations in the posterior aspect of the SF (known as the posterior 

extending ramus) have been known to influence the anatomy of PT (Rubens, 1977).   

 The literature surrounding changes in auditory cortex anatomy in those with SzAH has 

been highly variable due to many factors including measurement techniques, measurements of 
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interest (cortical thickness, GMV, surface area), and population characteristics (i.e. number of 

subjects, sex, age, duration of disorder, etc.) (Morch-Johnsen et al., 2016; Barta et al., 1995). 

Because of the significant variability in approaches to understanding neuropathology in SzAH, 

for this study we focused on gross morphology classification and surface area measurements in 

an effort to bypass these disparities in the literature. This companion study is composed of a 

comprehensive literature review conducted by Madelyn Schefer, B.S. and a multiple part 

experimental investigation, which will be discussed here. The literature review extensively 

analyzed the historic and current research of neuroanatomical abnormalities, as well as the 

implications anatomical deviations among pathologic populations have on functional auditory 

processing. Following a review of the literature, a multi-part experimental investigation of 

primary auditory structure morphologic and quantitative variance was conducted. Part 1 of the 

experimental design considered the influence of differences in primary auditory cortex 

morphology as measured by surface area. Part 2 further considered if the length of the Sylvian 

fissure and orientation of the posterior ramus, both under researched areas in AH research, 

were measurable contributing factors to morphology changes in A1 and the reported loss of 

asymmetry found among schizophrenic populations in the literature. These experimental 

findings will be discussed here.  

Hypotheses 

Given the findings in previous literature, we had several hypotheses: 

1) In separate structure analyses, SzAH brains will have reduced asymmetry (left versus 

right hemisphere) in HG and/or PT surface area compared to controls.    

2) The length of the Sylvian fissure will demonstrate reduced asymmetry in SzAH 

compared to controls.  

3) In comparing HG (single, common stem, and complete duplications), PT (pie, trapezoid, 

rectangular, amorphous shaped), and posterior extending ramus (ascending, 
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descending, bi- or tri-furcation), we hypothesize that there will be differences between 

SzAH and controls in morphological classifications for at least one of these structures.  

 
Experiments  

 
Heschl’s Gyrus & Planum Temporale Surface Area and Taxonomy 

 The superior temporal plane is composed of Heschl’s gyrus, planum temporale, and 

planum polare. In normal brains there is significant variance in the morphology of the two 

primary auditory structures, Heschl’s gyrus and planum temporale, between hemispheres. 

Heschl’s gyrus is considered to be the core area of the primary auditory cortex with secondary 

processing occurring in surrounding belt and parabelt areas within planum temporale (Musiek & 

Baran, 2020). We sorted Heschl’s gyrus morphology into three categories (single gyrus, 

common stem duplication, or complete duplication), and planum temporale morphology into 

three categories (pie, trapezoid, or rectangular shape). Additionally, we obtained surface 

measurements for each structure for quantitative analysis.  

 

Sylvian Fissure Length 

 In addition to the normal asymmetry seen in primary auditory structures between 

hemispheres of normal brains, we also see asymmetries of the Sylvian fissure which defines the 

lateral edge of the superior temporal plane. The Sylvian fissure is generally longer in the left 

temporal lobe compared to the right in normal brains. However, there is reduced asymmetry 

seen in SzAH brains with regards to SF length, but there is disagreement in the literature as to if 

the reduced asymmetry is due to increased RH SF length or a decrease in LH SF. In an effort to 

better understand the morphology of the primary auditory cortex, we also quantified the length 

of the SF in normal control brains compared to schizophrenic brains with auditory hallucinations 

to determine if Sylvian fissure length might be a contributing factor in the anatomy of HG and 

PT.  
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Methods & Materials 

Imaging Sample Data 

Part 1: Heschl’s Gyrus & Planum Temporale 

This anatomical study is the first in a pair of companion studies on morphologic 

differences between schizophrenic and normal brains. In this analysis, we investigated the 

morphology of the superior temporal plane within the temporal lobes of schizophrenic brains 

and healthy control brains, focusing on Heschl’s gyrus and planum temporale.  

Brain images of normal subjects were obtained from the Open Access Series of Imaging 

Studies (OASIS) repository. This study utilized a total of 51 high-resolution T1-weighted control 

brain MRI scans (102 hemispheres) from 24 male and 27 female subjects ranging from 29 to 38 

years of age. Additionally, brain images of 51 individuals with schizophrenia with hallucinations 

(38 male, 13 female, with an age range of 17-50 years old) were obtained from the NUSDAST 

(Northwestern University Schizophrenia Data and Software Tools) database. 

BrainVisa Anatomist neuroimaging software was used to manually identify Heschl’s 

gyrus and planum temporale. The BrainVisa software creates a skull stripped 3 dimensional 

(3D) cortical mesh of grey matter without bone from FreeSurfer, a pre-processing software that 

excludes white matter tracts, eyes, and brainstem structures. Normalization to account for 

intracranial volume and cortical surface area was achieved using a verified automated atlas 

scaling technique. The remaining reconstructed substrate could then be visualized from any 

orientation, using a variety of axial slices. This allowed us to measure the regions of interest 

(HG & PT) based on previously established criteria from the University of Arizona 

Neuroaudiology Lab. The structures were then sorted based on morphological classifications: 

Heschl’s gyrus was weighted into three categories (single gyrus, common stem duplication, or 

complete duplication) and planum temporale morphology into three categories (pie, trapezoid, 

or rectangular shape).  
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Part 2: Sylvian Fissure 

The brain images of health controls were obtained from the Open Access Series of 

Imaging Studies (OASIS) repository. A total of 51 high-resolution T1-weighted brain MRI scans 

(102 hemispheres) from 24 male and 27 female subjects ranging from 29 to 38 years of age. 

Additionally, brain images of 51 individuals with schizophrenia (38 male, 13 female, with an age 

range of 17-50 years old) were obtained from the NUSDAST (Northwestern University 

Schizophrenia Data and Software Tools) database. The SF lengths were recorded, and the rami 

were separated into five categories: posterior ascending ramus, posterior descending ramus, 

straight posterior extension, bifurcating, and trifurcating. 

Initially, we used software from NeuroImaging Tools and Resources Collaboratory 

(NITRC) called MRIcron to manually measure the length of the Sylvian fissure (SF). This 

software allows for a two-dimensional view of the brains using various cuts (i.e. sagittal, coronal, 

and transverse, Figure 6). Using the coronal view, the intersection of the most medial aspect of 

the SF and the insular sulcus was identified for each hemisphere (Figure 7a & 7b). At these 

medial intersection points the accompanied lateral (sagittal) view enabled us to plot points for 

the most anterior aspect of the SF at the temporal pole, the pivot point where the posterior 

extension of the lateral sulcus changes angle, and the termination point of the SF at the 

supramarginal gyrus. Once the boundaries were identified, we recorded three-dimensional 

Cartesian coordinates for all three points (SF origin, SF termination & PR origin/pivot point, and 

PR termination). Distances between coordinates were calculated using the following formula: 

 
d = (((x2 - x1)2 + (y2 - y1)2 + (z2 - z1)2)½)/2 

 

In this formula, d equals distance, x1, y1, & z1 are the coordinate for the first anatomical location, 

and x2, y2, & z2 are the coordinate of the second anatomical location. The number of voxels 

between each anatomical location is first determined by taking the difference between the two 

coordinates within their respective plane; the x and y values lie on the horizontal plane, and the 
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z value on the vertical plane. The formula is then divided by a factor of two to convert voxels into 

a millimeter measurement, which will be used to report our findings.  

The categorization portion of this experiment was done using the reconstructed 3D 

cortical mesh images from freesurfer as part of the BrainVISA Anatomist software. Using the 3D 

brain images allowed us to view the most lateral aspect of the SF and posterior ramus to grossly 

visualize and categorize the angle of the posterior ramus extending from the most caudal point 

of the SF. Classifications of the posterior ramus were made by a single rater, in the case of 

uncertainty senior lab members (Barrett St. George & Bryan Wong, Au.D.) or lab supervisor 

(Frank Musiek, Ph.D.) were consulted. Due to software limitations, classification of the posterior 

ramus was made by using an extension of the SF as the zero degree azimuth; if the posterior 

ramus was at an angle of 45 degrees or greater, from 0, then the posterior ramus was 

considered ascending. Bi- and tri-furcations of the posterior ramus were identified by multiple 

deviations from the posterior aspect of the SF based on previous criteria from St. George 

(2017), for this study we did not consider false ascending rami.  

The MRIcron software provided three views of the cortex including a coronal, sagittal, 

and horizontal (transverse) perspective (Figure 6).  Identifying the most medial aspect of the SF 

allowed us to confirm the categorization of the posterior ramus. This additional perspective was 

especially helpful for identifying true bi- and trifurcations that persisted through the 

temporal/parietal lobe. This confirmation of the medial morphology was essential as variations 

can cause differences in the gyrification that make anatomical markers difficult to discern.  

     Procedures  

From the OASIS repository of MRI scans, a 3D cortical mesh was generated using 

FreeSurfer software. This cortical mesh was composed of grey matter with unrelated areas such 

as white matter tracts, eyes, brainstem, and skull being excluded from the image in the initial 

processing stage. Normalization to account for intracranial volume and cortical surface area was 

achieved through using a verified automated atlas scaling technique. BrainVISA Anatomist 
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neuroimaging software was used to manipulate the mesh structures to excise the regions of 

interest (ROI) within the Superior Temporal Plane (STP). The temporal lobe was excised in 

isolation using a knife cut method just superior to the Sylvian fissure to expose the STP (Figure 

1). Boundary criteria was used to outline ROIs of HG and PT. Once the boundaries were 

outlined, the surface area was highlighted, classified, and measured for quantitative analysis. 

After the boundaries of the HG, were identified, the posterior edge of HG was used to establish 

the boundaries of PT following the same process for visualization, classification, and analysis.  

Part 1: HG & PT 
Step 1: Visualization (Determine Boundaries) 

 
Figure 1. (a) Shows a lateral view of the right temporal lobe (3D images are rendered in a mirrored 
reconstruction) in the BrainVISA Anatomist software. (b) A transverse cut can be seen just superior to the 
Sylvian fissure to expose the superior temporal plane (c). (OASIS) 
 
Step 2: Classification of Structures  
Heschl’s Gyri Variants:  

a     b     c  

 
Figure 2. (a) Single HG, (b) common stem duplication, & (c) complete duplication. The dotted line depicts 
Beck’s Intermedius, or the intermedius of Beck, which is the sulcus that divides the transverse gyri of 
Heschl’s. (OASIS) 
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Planum Temporale Variants:  

 
Figure 3. (a) Pie-shaped, (b) rectangular, & (c) trapezoid shaped. (OASIS)  
 
Step 3: Quantitative Analysis of Surface Area  

 
 a       

 
     b 

 
Figure 4. The ROIs were visualized and outlined based on established boundary criteria before quantifying 
surface area. (a) Heschl’s gyrus (b) planum temporale. (OASIS) 
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Imaging Analysis  

Heschl’s Gyrus Boundaries 

Heschl’s gyrus is nested deep within the lateral sulcus, or Sylvian fissure, of the temporal lobe 

and rests latero-medially within the superior temporal plane. It is bound by the lateral edge of 

the superior temporal plane, anteriorly by the first transverse sulcus, posteriorly by Heschl’s 

sulcus and planum temporale, and medially by the insula.  

 

Planum Temporale Boundaries  

Planum temporale sits on the superior temporal plane just posterior to Heschl’s gyrus. Bordered 

by the lateral edge of the superior temporal gyrus, by the termination point of the Sylvian fissure 

at its most posterior boundary, by HG anteriorly, and medially by the insula where parietal 

operculum begins.  

 

Criteria for Heschl’s Gyrus Classifications 

The three morphological variants of HG (Figure 2) are (a) Single, (b) Common Stem Duplication 

(CSD), and (c) Complete Duplication as defined by Barrett St. George et al. (2017) from the 

University of Arizona NeuroAudiology Lab: 

 

Single: This variation is defined as a single gyrus on the STP that is borders by planum polare 

anteriorly, by PT posteriorly, by the (supero-lateral) boundary of the Superior Temporal Gyrus 

(STG) laterally, and by the absence of retro-insular white matter medially.  

 

Common stem duplication (CSD): The CSD variation is defined as a partial duplication of HG 

separated by a sulcus, Beck’s Intermedius or intermedius of Beck, that extends anterolaterally 

to posteromedially and separates Heschl’s gyri but does not extend completely to the medial 

retro-insular border (St. George et al., 2017; Leonard et al., 1998; Rademacher et al., 1993).   
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Complete duplication (CD): This CD variant is defined as two Heschl’s gyri separated by an 

intermedial sulcus that extends from the medial retro-insular white matter border, and courses 

posteromedially to anterolaterally. This sulcus (Beck’s intermedius) must extend at least 1/3 the 

length of HG (St. George et al., 2017; Leonard et al., 1998; Rademacher et al., 1993). 

 

Triple Heschl’s gyri: Though less commonly observed, this variant is defined as the presence of 

three HGs. Due to the rarity of this finding, there is a paucity of sulci descriptions in the 

literature; however, both sulci that do and do not extend from the retro-insular medial white 

matter border (as described in CSD and CPD classifications) are included (Marie et al., 2015; 

Campaign & Minckler, 1976).   

 

Criteria for Planum Temporale Classifications  

The four morphological variants of PT (Figure 3) are (a) pie shaped, (b) trapezoid, (c) 

rectangular, and (not pictured) amorphous. Classification of planum temporale was conducted 

based on taxonomy identified and described by Wong and Musiek (2020) from the University of 

Arizona NeuroAudiology Lab. The following classification criteria were used to identify the 

morphological shape of planum temporale: 

 

Pie shaped: Defined as the presence of 3 vertices, edges, and angles that form a triangle-like 

structure. The anterior and posterior edges of PT course postero-medially and come to a point 

that meets at the medial retro-insular white matter border (Figure 3a).  

 

Trapezoid shaped: Defined as the presence of 4 vertices, edges, and angles that form a 

quadrilateral-like structure. The anterior and posterior edges of PT course postero-medially and 

medial vertices are connected by an edge that runs parallel to the retro-insular white matter 
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boundary. The lateral edge is demarcated by the supero-lateral boundary of the STG and is 

larger compared to the medial edge. The medial edge must be less that 50% of the length of the 

lateral edge (Figure 3b).  

 

Rectangular shape: Defined as the presence of 4 vertices, edges, and angles. Similar to the 

trapezoid classification, the anterior and posterior edges course postero-medially. However, the 

medial edge, which is demarcated by the retro-insular white matter boundary, is greater than 

50% of the length of the lateral edge, which is marked by the supero-lateral boundary of the 

STG (Figure 3c).  

 

Amorphous/none: Defines as not fitting any of the previously described gross morphological 

classifications. Specifically, defined as the absence of PT using the predefined boundary criteria 

for Heschl’s gyri and the posterior Sylvian fissure (not pictured). 

 

*Classification was made based on a single rater. In the case of discrepancies and unclear 

anatomical boundaries, senior lab members (Bryan Wong & Barrett St. George) or lab mentor 

(Dr. Frank Musiek) were consulted for a collective decision regarding classification of primary 

auditory structures.  
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Part 2: SF 
Imaging Analysis  
Step 1: Visualization (Boundary Criteria)  

  
Figure 5. A lateral view of the cortex was utilized 
to identify the SF and posterior ramus using 
BrainVISA Anatomist software. Initial gross 
analysis of the angle of the posterior ramus was 
obtained from this lateral view to be confirmed 
with the following medial view (see figure  7b.  

Figure 6. MRIcron software offers a coronal 
(upper left), sagittal (upper right), and horizontal 
(bottom elleftft) view of the brain. (NITRC, 
NUSDAST)

 

  
    7a        7b  
Figure 7. Software was utilized to obtain a medial view of the SF at the point where the most medial aspect of 
the SF begins. (a) The medial view of SF was determined using a coronal view of the cortex where the lateral 
ventricle is most visible. The coordinates of this intersection (marked by red circles) were used as the marker 
for the most lateral visualization of the SF. (b) From this lateral view the termination, pivot, and origin points 
of the SF and posterior ramus (marked by red, yellow, and green circles respectively) could be obtained for 
quantitative analysis of structure length (marked by). (NITRC, MRIcron, NUSDAST) 
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Step 2: Classification 

 
Figure 8a-d. Variants of the posterior ramus of the SF. (a)  straight posterior extension, SPE; (b) posterior 
ascending ramus, PAR; (c) bifurcation; (d) trifuration. (OASIS) 
 
Step 3: Quantitative Analysis 

  

Figure 9. Medial lateral view of the SF with posterior 
ascending ramus (green). Cartesian coordinates 
were taken from points of interest (see figure 7b) 
and applied to distance formula [d = (((x2 - x1)2 + 
(y2 - y1)2 + (z2 - z1)2)½)/2] to quantify total and 
individual lengths. 
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Criteria for Sylvian Fissure Classifications  

Sylvian Fissure: The Sylvian fissure is a deep sulcus that runs latero-medially along the surface 

of the temporal lobe starting at the anterior aspect, located just below the pars opercularis, to 

the posterior aspect which insects with the supramarginal gyrus. Demarcated by an anterior 

boundary of the pars opercularis and posterior boundary of the supramarginal gyrus (Rubens, 

1977).  

 

Posterior Ascending Ramus (PAR):  Posterior Ascending Ramus, beginning at pivot point where 

PHR slopes upward becoming the PAR. We considered a rising slope of 30 degrees or greater 

to be a PAR (adapted from St. George et al., 2017). 

.   

Posterior Descending Ramus (PDR): Posterior Descending Ramus, beginning at pivot point 

where PHR slopes upward becoming the PDR. We considered a dropping slope of 30 degrees 

or greater to be a PDR (adapted from St. George et al., 2017).   

 

Straight Posterior Extension (SPE): Straight Posterior Extension occurs when there is no 

present incline meeting PAR or PDR criteria (St. George et al., 2017).  

 

Bi- and Trifurcations: When multiple branches extend from the posterior aspect of the PHR this 

is known as a bi- (two branches) or tri- (three branches) furcation of the posterior ramus (St. 

George et al., 2017).   
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Results 

Statistical Analysis 

 The results of this study supported two of our three hypotheses. Statistical analysis was 

performed using t-test comparisons of surface area (HG, PT), length (SF), and distribution of 

morphological categories (HG, PT, SF) for each structure between control and schizophrenic 

groups, as well as between hemispheres in each group. 

HG & PT Surface Area 

 In control brains, our findings were congruent with the well-established, L>R asymmetry 

of HG (p = 0.00012). While there was a trending (but non-significant) difference in HG surface 

area between CB and SzAH in the left hemisphere (p = 0.09), evaluation revealed a significantly 

greater surface area in the right hemisphere HG of CB compared to SzAH (p = 0.0376). Within 

SzAH brains, there was no significant difference in HG surface area between the right and left 

hemispheres. For planum temporale, however, there were no significant differences in surface 

area between groups or between hemispheres within groups. These findings partially support 

our first hypothesis that SzAH brains exhibit a reduction in the auditory cortical asymmetry seen 

within normal brains (Table 1a-b). 

SF Length 

There were three variables considered for length: SF proper, the posterior ramus, and 

the total length (SF + ramus). Trending differences were not significant within or between 

groups for the length of the SF proper or the ramus alone. However, when combined, analysis 

of the total length of SF + ramus revealed a highly significant L>R asymmetry in CB (p < 

0.0001) that was not observed in SzAH. Again, comparing the Sylvian fissure length between 

hemispheres for SzAH versus CBs, there was a distinct reduction in asymmetry between 

hemispheres for SzAH populations, supporting the third hypothesis. Interestingly, an additional 

measurement demonstrated that the SF proper was significantly longer than the corresponding 

ramus in the left hemisphere of control brains, but not the right (SFp - Ramus: L>R; p = 0.0355). 
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There were no differences between SzAH hemispheres, nor between groups, but this finding 

also supports a reduced hemispheric asymmetry in SF length (Table 2a-d). 

Morphology 

Our final analyses compared the distribution of morphological classifications between 

hemispheres and groups for HG, PT, and the posterior ramus of the SF. For primary auditory 

structures variants of HG (single, CSD, CPD) and PT (pie, trapezoid, rectangular), there were 

slight variations by hemisphere, but no statistically significant differences in the distribution of 

classifications between or within groups (Table 3a-b). Analogous to our HG/PT findings, 

analysis revealed variance in the frequency of posterior ramus categorizations (posterior 

ascending, posterior descending, straight, and bi- or tri-furcating); however, no significant 

findings emerged. Statistical differences in morphology of any structure were not found, 

rendering the third and final hypothesis null (Table 4a). 

 

Tables 

 
Table 1a. Comparison of HG surface area between CB and SzAH by hemisphere, results of Left hemisphere 
(LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic individuals with auditory 
hallucinations (SZ) are shown. 



 

 36 

 

 
Table 1b. Comparison of PT surface area between CB and SzAH by hemisphere, results of Left hemisphere 
(LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic individuals with auditory 
hallucinations (SZ) are shown. 

 
Table 2a. Sylvian fissure length hemisphere comparison between SzAH versus CB, results of Left 
hemisphere (LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic individuals with 
auditory hallucinations (SZ) are shown. 
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Table 2b. Posterior Ramus length hemisphere comparison between SzAH versus CB, results of Left 
hemisphere (LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic individuals with 
auditory hallucinations (SZ) are shown. 

 
Table 2c. Total SF + ramus length hemisphere comparison between SzAH versus CB, results of Left 
hemisphere (LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic individuals with 
auditory hallucinations (SZ) are shown. 
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Table 2d. SF proper - ramus length (only PHR)  hemisphere comparison between SzAH versus CB, results 
of Left hemisphere (LH) and Right hemisphere (RH) for both Control Brains (CB) and Schizophrenic 
individuals with auditory hallucinations (SZ) are shown. 

 
Table 3a. Morphologic variability of HG. Left hemisphere (LH) and Right hemisphere (RH) for both Control 
Brains (CB) and Schizophrenic individuals with auditory hallucinations (SZ) are shown. Variants of HG are 
indicated by (Single), (CSD) common stem duplication, and (CD) complete duplication.  
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Table 3b. Morphologic variability of PT. Left hemisphere (LH) and Right hemisphere (RH) for both Control 
Brains (CB) and Schizophrenic individuals with auditory hallucinations (SZ) are shown. Variants of PT are 
indicated by (Pie) pie-shaped, (Trap) trapezoid shaped, and (Rec) rectangular shaped. 
 

 
Table 4a. Morphologic variability of Posterior Ramus. Left hemisphere (LH) and Right hemisphere (RH) for 
both Control Brains (CB) and Schizophrenic individuals with auditory hallucinations (SZ) are shown. Variants 
of the rami are indicated by (PAR) partially ascending ramus, (SPE) straight posterior extension, and (BIF; 
TRI) multiple posterior rami branches. 
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Conclusion & Discussion 

 There have been mixed findings in the literature regarding the nature of primary and 

peri-sylvian auditory structures in adults with auditory hallucinations. However, it is well 

established that in normal healthy brains the auditory associated areas in the left hemisphere 

are larger. This includes larger HG, PT, and longer SF. In brains of schizophrenics with auditory 

hallucinations this asymmetric laterality bias is reduced, yielding more symmetric cerebrums in 

SzAH. This previous literature is consistent with our findings from this study, but we have further 

amplified this evidence by analyzing symmetry in SzAH compared to CB. For an extensive 

review of the previous neuroanatomical abnormalities, and their functional implications, among 

schizophrenic populations compared to findings in normal brains please see the companion 

literature review to this paper by Madelyn Schefer. 

 Heschl’s gyrus surface area comparisons supported asymmetric findings observed 

between hemispheres of healthy controls with a lack of asymmetry observed in SzAH brains as 

was predicted by the literature. In addition, our findings support a greater left hemisphere HG 

surface area in CB compared to SzAH. With regard to PT surface area, our findings did not hold 

with claims of the previous literature as no significant differences were observed between 

populations. Surface area measurements of PT have been variable in previous research, but as 

discussed previously, this may be due to differences in measurement techniques, along with the 

fact that surface area measurements in most software programs cannot account for 

irregularities in the surface area of PT. No significant findings emerged for morphology of either 

HG or PT variants which was a novel approach utilized in this study; this analysis awaits further 

research to corroborate these findings. When SF length in combination with posterior extending 

ramus length was evaluated, significant findings emerged within CB in support of reported 

asymmetry with greater left hemisphere length. However, no significance was found in analysis 

of total SF and posterior ramus length between SzAH and CB, nor between hemispheres of 
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SzAH. This latter finding is in support of the literature that has shown reduced asymmetry of 

peri-sylvian areas, including SF length, observed in SzAH brains.  

 The results of this study are in support of two of our four hypotheses. To review we 

proposed: (1) that there would be reduced hemispheric asymmetry of auditory structure surface 

area in SzAH, this was partially supported in HG measurements, but not conclusive for PT 

measurements (2) Consistent variants in HG and/or PT morphology would emerge, no apparent 

results were observed (3) Sylvian fissure length symmetry would be observed for SzAH 

compared to CB, this was supported by our results (4) Posterior extending ramus would 

qualitative analysis would reveal a quantitative effect on PT surface area, this was not 

supported by our study. While our predictions regarding morphology did not present significant 

findings, this research is novel in its approach and provides a springboard for future research. 

Even in the absence of significant anatomic morphology, this study contributes to our overall 

understanding of basic anatomical differences observed in both normal healthy brains (CB) and 

brains of schizophrenic adults  experiencing auditory hallucinations (SzAH).  

Implications of Findings 

In investigation of neuroanatomy, it is important to note that there are many factors 

available for analysis. Cortical thickness, grey matter volume, and surface area measurements 

are all approaches for understanding pathologic changes that can result from underlying 

physiologic alterations resulting from aging, hearing impairment, and psychotic disorders such 

as schizophrenia. Pathophysiology of the cortex mediates observable differences in 

neuroanatomy, which in turn can be evaluated for functional variances among populations. Our 

understanding of audition comes from studying the corresponding sensory neuroanatomy. From 

pioneering researchers in auditory neuroscience, we have a deeper understanding of the 

functional advantages that exist as a result of auditory cortex asymmetry. Continued 

collaborations across disciplines such as neuroscience, psychology, and audiology have laid the 

foundation for our understanding of functional listening advantages. A most notable example of 
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this comes from the Canadian neuropsychologist, Doreen Kimura. Kimura incidentally became a 

pioneer in the field of audiology with her discovery of the right ear advantage, observed during 

dichotic listening tasks, that is attributed to the respective dominant contralateral pathway to the 

primary auditory cortex within the left temporal lobe (1961a, 1961b). Our hope is that our 

research will inspire further interdisciplinary research that might expand clinical diagnosis, 

intervention, and rehabilitation for auditory related conditions.  

Future Research Directions  

With regard to this study, future explorations to consider include replication of 

morphology analysis to determine if there are any functional outcomes attributable to peri-

Sylvian structures. Furthermore, to understand the relationship between neuroanatomy and 

function, it would be wise to employ multi-level analysis of GMV, SA, and/or, cytoarchitecture of 

auditory areas and their related regions of interest. Areas of particular interest would include 

structures surrounding the posterior ramus, as variations can have influences on other auditory 

structures and functions. We also implore researchers to consider investigation of other 

subcortical and cortical areas with regards to their involvement in A1 activation, particularly in 

SzAH populations. It would be advantageous to assess SzAH populations compared to other 

degenerative populations that experience auditory hallucinations in an effort to better 

understand the potential physiologic changes involved in the perception of auditory 

hallucinations. Lastly, due to its key role in interhemispheric transfer, which is necessary for the 

perception and production of sound, an astute analysis would include structure and functional 

capacity of the corpus callosum which is an integral structure for nearly every human ability. The 

corpus callosum plays a critical role in dichotic listening, so it is possible that callosal deficits 

could also contribute to a reduction of the REA in schizophrenic patients.  

Study Limitations 

 This study had a few limitations. With regards to the sample, the size was fairly small 

and was skewed heavily towards younger males. There is some research identifying sex-
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specific developmental differences in neuroanatomy, the effects of which have not been 

explored in this study. There was also no age comparison, as most of our brain imaging came 

from younger subjects. A greater age stratification may have helped shed light on findings 

regarding illness duration-based changes or general age-related changes. Another interesting 

challenge was the diagnosis of hallucinations. All subjects were confirmed as having 

hallucinations, but the data does not specify which sensory modality. Because of the high 

prevalence of AH in schizophrenics, it is highly likely that these individuals experienced AH, but 

there is no data available regarding specific characteristics of these hallucinations. These 

limitations bring forth a number of interesting questions to pose for future research.  
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